The Arabidopsis thaliana hypocotyl is widely used to study the effects of light and plant growth factors on cell elongation. To provide a framework for the molecular-genetic analysis of cell elongation in this organ, here we describe, at the cellular level, its morphology and growth and identify a number of characteristic, developmental differences between light-grown and dark-grown hypocotyls. First, in the light epidermal cells show a characteristic differentiation that is not observed in the dark. Second, elongation growth of this organ does not involve significant cortical or epidermal cell divisions. However, endoreduplication occurs, as revealed by the presence of 4C and 8C nuclei. In addition, 16C nuclei were found specifically in dark-grown seedlings. Third, in the dark epidermal cells elongate along a steep, acropetal spatial and temporal gradient along the hypocotyl. In contrast, in the light all epidermal cells elongated continuously during the entire growth period. These morphological and physiological differences, in combination with previously reported genetic data (1. Desnos, V. Orbovic, C. Bellini, j. Kronenberger, M. Caboche, j. Traas, H. Hofte [19961 Development 122: 683-693), illustrate that light does not simply inhibit hypocotyl growth in a cell-autonomous fashion, but that the observed growth response to light is a part of an integrated developmental change throughout the elongating organ.
.
The results of physiological and genetic studies have revealed a complex regulation of hypocotyl growth. The extent of the elongation depends first on the developmental program of the seedling: in the absence of light seedlings undergo etiolated development or skotomorphogenesis, cotyledons remain closed, forming an apical hook, root growth is reduced, and the hypocotyl elongates strongly. Light induces de-etiolation or the photomorphogenic program: cotyledons open and expand, leaves develop, the photosynthetic apparatus is installed, and hypocotyl growth is reduced (Cosgrove, 1994; Quail et al., 1995) . This developmental switch appears to be under the control of at least 10 genes (COPIDETIFUS), which when mutated give rise to seedlings with a de-etiolated (Det) or constitutive photomorphogenic (Cop) phenotype even when grown in the dark (McNellis and Deng, 1995) . The recessive nature of all of these mutations suggests that the photomorphogenic program is negatively regulated in dark-grown seedlings. Mutant analysis has also shown that the derepression of this program by light involves at least three photoreceptors in Arabidopsis: phytochrome A and phytochrome B (locus H Y 3 ) and the blue-light receptor, cryptochrome (locus H Y 4 ) (Quail et al., 1995) .
In addition to light, a11 known plant hormones have an effect on hypocotyl growth; auxin, GAs, and BR (Clouse, 1996) have a growth-promoting effect, whereas cytokinins, ethylene, and ABA reduce hypocotyl growth (Reid and Howell, 1995) . To unravel this complex control of the hypocotyl elongation process and, concomitant with this, the signal transduction chains of the regulatory factors, a genetic approach has proven to be indispensable. The use of hypocotyl elongation as a screening tool has already led to the identification of GA- (Finkelstein and Zeevaart, 1994) , BR- (Clouse, 1996) , and ABA- (Koornneef and Karssen, 1994 ) deficient mutants; auxin (Boerjan et al., 1995) , ethylene (Ecker and Theologis, 1994) , and cytokinin (Chaudhury et al., 1993) overproducers; as well as mutants showing defects in auxin (Estelle and Klee, 1994) , GA (Finkelstein and Zeevaart, 1994) , BR (Clouse, 1996) , ethylene (Ecker and Theologis, 1994) , and ABA (Koornneef and Karssen, 1994) signal transduction. Plant Physiol. Vol. 11 4, 1997 Despite the extensive use of the Arabidopsis hypocotyl as a model, the growth behavior of this organ at the cellular level is poorly characterized. Wei et al. (1994) reported an SEM study of the epidermal cellular morphology of light-and dark-grown hypocotyls of wild-type and cop mutant seedlings. Miséra et al. (1994) and Cheng et al. (1995) determined the number of cells in epidermal hypocotyl cell files of light-grown wild-type and mutant seedlings. However, to our knowledge no systematic comparison of the cellular morphology and growth behavior of dark-grown and light-grown Arabidopsis hypocotyls exists.
In this report we describe the hypocotyl growth at the cellular level during skoto-and photomorphogenesis. We provide evidence that hypocotyl growth either in the light or the dark does not significantly involve cortical or epidermal cell divisions. Next we describe three criteria that, aside from the difference in cell length, distinguish hypocotyl cells and their growth pattern in etiolated and deetiolated seedlings. First, we confirmed and extended the observation of Wei et al. (1994) that epidermal cells undergo a characteristic differentiation in the light different from that observed in darkness. Second, hypocotyl cells underwent up to two rounds of endoreduplication in lightgrown seedlings, whereas an additional round could be observed specifically during dark-grown development. Third, epidermal cells elongated along a steep temporal and spatial acropetal gradient in dark-grown hypocotyls, whereas in the light a11 epidermal cells elongated throughout the entire growth phase.
MATERIALS AND METHODS

Plant Material and Crowth Conditions
Seeds of Arabidopsis tkaliana (ecotype Columbia), sterilized as described by Santoni et al. (1994) , were allowed to germinate on horizontal plates that contained a nutrient medium, as described by Estelle and Somerville (1987) , without SUC or vitamins in a growth chamber for 1 to 8 d. The light intensity was 200 pmol m-' s-', with a 16-h light/8-h dark photoperiod. The temperature was 20 and 15°C during day and night, respectively. After sowing, seeds were allowed to imbibe at 4°C for 48 h and were exposed to white light (200 pmol m-' s-') for 4 h before transfer to the final growth conditions. For dark-grown conditions, the dishes were placed in opaque bags in the same growth chamber. Days of growth were counted after transfer of the Petri dishes from 4°C to the growth chamber.
For the dark-light transition experiment (see Fig. 4 ), seedlings were grown for 3 d in the dark, after which they were transferred to blue light (10 pmol m-' s-l) and allowed to grow for 3 more d before preparation for SEM. Comparable results were obtained with white light, although elongation growth was less pronounced (T. Desnos, unpublished data). The blue light source was as described by Desnos et al. (1996) .
Microscopic Techniques
SEM and light microscopy were performed as described by Desnos et al. (1996) . For Figure 2 , B and E, samples were prepared as described by Traas et al. (1995) .
Hypocotyl and Cell Measurements
For hypocotyl length measurement seedlings were spread on a 0.8% agarose plate and images were taken with a camera (XC-77 CCD, Sony, Suresnes, France) mounted on a binocular loupe (Leitz, Wetzlar, Germany) and stored on a hard disc. Images were analyzed using the imageanalysis software Optimas 4.1 (Bioscan, Imasys, Suresnes, France). Length measurements were converted into micrometers or millimeters using an interna1 standard. For each seedling, two cell files lateral to the cotyledons were measured to cancel out the effect of the apical hook on the cell lengths. At least 30 individuals were measured for each data point. Error bars refer to the SE unless specified otherwise.
Cell lengths were measured on seedlings fixed in Herr's liquid (Herr, 1982 ) using a Leitz binocular microscope linked to the same image-analysis system.
For the experiments described in Figure 9 , marks of brown oil paint were applied using an eyebrow hair on the hypocotyl surface of 3-d-old seedlings under a green safe light. The comparison of the marked plants with SEM images of seedlings of a comparable size allowed the number of epidermal cells contained between two marks to be estimated. In the absence of cell divisions, we assumed that the cell number between the marks remained constant during the growth period. Marked plants were grown in the dark for 2 d and new marks were applied in the enlarged areas. Images were taken every 24 h under a green safe light with a camera (XC-77 CCD, Sony) linked to the above-described image-analysis system, and the distance between the marks was calculated.
The manipulation of the seedlings and the light treatment had a limited effect on the global growth of the hypocotyl, as shown by the final length after 7 d of growth (17.5 2 0.6 mm in darkness versus 16.7 2 0.9 mm for the marked plants after six consecutive treatments with the green light). Note, however, that the treatments unavoidably induced the opening of the apical hook and a partia1 opening of the angle between the cotyledons.
DNA Staining and Flow Cytometry
For DNA visualization, 8-d-old etiolated plants were placed in a drop of DAPI at a concentration of 5 pg mL-' on a glass slide for 15 min, then washed in distilled water and flattened. Images of the sample were taken with a microphot FXA microscope (Nikon) equipped for epifluorescent excitation.
For all flow cytometry, between 10 and 12 hypocotyls were separated from cotyledons and root, cut with a razor blade, and chopped in an extraction buffer (Galbraith et al., 1983) with 2.5 pg mL-' DAPI. The filtered nuclei (filter, 30 pm) were subject to flow analysis with laser excitation (100 nW) at 357 nm. 
RESULTS
Hypocotyl Crowth Kinetics for Light-Crown and DarkCrown Seedlings
The hypocotyl length was followed for in vitro-grown seedlings over a time span of 12 d. For seedlings cultivated in a 16-h white light/8-h dark cycle (Fig. 1A ) growth occurred over a period of 6 d, after which a plateau was reached. The maximum length reached in the light and temperature conditions used was 1.8 ? 0.4 mm. The growth rate during the linear growth period (between d 3 and 5) was between 0.3 and 0.4 mm/ d.
The hypocotyl growth of dark-grown seedlings (Fig. 1B ) essentially occurred over a similar time span as in the light-grown seedlings, with a linear growth phase between d 3 and 5, after which the growth rate decreased. The maximum length reached (18.5 2 0.6 mm) was 10 times that reached in the light conditions. The maximum growth rate, observed between d 3 and 5, was 6.2 mm/d.
Epidermal or Cortical Cell Divisions Are Absent or lnsignificant during Hypocotyl Crowth
For light-grown seedlings the number of individual epidermal cells in a single cell file can be easily determined. We observed 18.5 2 0.5 (n = 15) cells in embryos and 17.8 2 2.1 (n = 25) cells and 19.5 ? 0.8 ( n = 25) cells before (at 3 d ) and after (at 7 d) the exponential growth phase, respectively. No significant increase in cell number had occurred, indicating that epidermal cell divisions are absent or insignificant during the growth period.
For dark-grown seedlings at later growth stages, the microscopic detection of individual cell boundaries became impractical due to the length of the cells and the fact that they spiral around the hypocotyl during growth. Therefore, we examined preparations of 2-, 3-, and 4-d-old seedlings directly for the presence of mitotic figures after DAPI staining (Table I ) using light-grown seedlings as a control. In light-grown seedlings we did not observe a single mitotic figure in the cortex layers, and only a very small number in the epidermis and central cylinder (data not shown). The occasional metaphase plates observed in the epidermis were sometimes perpendicular to the elongation axis and most likely contributed to the development of the stomata. In dark-grown seedlings we observed no mitotic figures in the cortex layers, a limited number in the central cylinder, and very few in the epidermis, in the latter case, again, sometimes with an orientation perpendicular to the growth axis. These results indicate that despite the increased elongation in the dark-compared with lightgrown plants, no increase, and possibly a decrease, in epidermal cell divisions took place. In conclusion, cortical or epidermal cell divisions are absent or insignificant in the elongating Arabidopsis hypocotyl of dark-and lightgrown seedlings.
Cellular Organization of Dark-and Light-Crown H ypocotyls
The externa1 morphology of fully elongated hypocotyls of 7-d-old seedlings is shown in Figure 2 . The epidermal cells of light-grown seedlings reached an average length of 105 ± 15 /am and underwent a more pronounced lateral expansion than in the dark-grown plants (see below). Remarkably, files of more protruding epidermal cells were mostly alternating with files of burrowed cells, creating characteristic ridges (Fig. 2, A-C) . In this respect, the fate of all epidermal cells within one file was not fixed, since a file forming a ridge at the bottom of the hypocotyl could become burrowed higher up or vice versa (data not shown).
Transverse sections of light-grown hypocotyls (Fig. 2 , B and C) demonstrated a simple cellular organization similar to that of the root (Dolan et al., 1993) . The diarch central cylinder with the pericycle was indistinguishable from that of the root. Surrounding the central cylinder was the endodermis, and two layers of cortex cells surrounded by the epidermis. The cell numbers within each layer showed little individual variation (epidermis: 34.1 ± 1.3 cells, n -12; outer cortex: 14.3 ± 0.9 cells, n = 12; inner cortex: 8.1 ± 0.3, n = 12; and endodermis: 8.1 ± 0.3 cells, n = 12). The alteration of protruding cells with burrowed cells in the epidermis also could be observed, whereby the protruding cells faced a cortical cell and burrowed cells faced the anticlinal cortical cell walls.
In the dark-grown seedings (Fig. 2, D and E) epidermal cells were extremely elongated, reaching lengths of more than 1 mm (representing a 100-fold length increase compared with the embryo). Most transverse cell walls were oblique, which was never observed in the embryo or in the light-grown seedlings (data not shown). Undifferentiated stomata could be observed (data not shown). Transverse sections (Fig. 2, E and F) revealed the same structure as in the light-grown plants, with comparable cell numbers in the different layers. However, the cell shape differed; epidermal cells produced a more pronounced cuticle on the external side, were smaller, and did not show the differentiation pattern that was observed in the light-grown plants.
Cortical cells had a diameter similar to that observed in the light-grown hypocotyl and did not contain differentiated chloroplasts. The diameter of the hypocotyl in the darkgrown seedlings was slightly less than in the light-grown seedlings (219 ± 11 /j,m versus 249 ± 12 /n,m).
The differentiation pattern of the epidermal cells of lightgrown seedlings could also be observed under dark-grown conditions for seedlings mutant for the DET1 locus (Fig. 3) . Seedlings carrying a recessive mutation at this locus have all aspects of light-grown seedlings (shorter hypocotyl, open cotyledons, expression of photosynthetic genes, and differentiation of chloroplasts) even when grown in darkness (Chory et al., 1989) , indicating that DE71 is required for the repression of the photomorphogenic program during development in the absence of light. This observation indicates that the epidermal differentiation is a part of the photomorphogenic developmental program and not an indirect result of photosynthesis or another effect of light on the cellular metabolism. In conclusion, photomorphogenesis involves the development of an epidermal differentiation pattern distinct from that observed in the dark-grown hypocotyl.
To investigate whether the dark-grown epidermal cell differentiation is reversible, we performed the following experiment (Fig. 4 ): Seedlings were first grown for 3 d in the dark, after which they were transferred to light conditions that induce photomorphogenesis and allowed to grow for 3 more d before preparation of the seedlings for SEM. The light source was placed at an angle with respect to the gravity vector, provoking a phototropic response. The point at which the growth direction changed served as a reference for the dark-light transition. As shown below, the dark-grown hypocotyl elongated along a spatial and temporal growth gradient, and after 3 d growth was not yet initiated in the cells of the upper part of the hypocotyl. Cells above the transition, therefore, had elongated in the presence of light. The lower half displayed a typical dark-grown epidermal differentiation (Fig. 4C) and the upper half a light-grown epidermal pattern (Fig.  4B) (a ridged surface) . It appeared that the differentiation pattern of epidermal cells grown in the dark remained unaltered after transfer to the light, and that the cells above the growing zone retained the ability to switch to a light-grown differentiation mode. The commitment to the light-grown epidermal differentiation, therefore, took place after growth initiation of the cells.
After completion of its extension growth, the hypocotyl undergoes secondary thickening, as shown for 4-week-old plants grown in the greenhouse (Fig. 5, A and B) . The epidermal, cortical, and endodermal cell layers gradually disintegrate, as shown by the rupture of the cell walls, whereas cell divisions in the central cylinder give rise to the secondary xylem, the vascular cambium, and the secondary phloem. The external cell layers appear to have a function only during early seedling development, possibly during the elongation phase, and appear to be eliminated after growth cessation.
Light-Regulated Endoreduplication in Hypocotyls
Despite the limited mitotic activity, we observed significant DNA replication activity during hypocotyl development, as shown by the incorporation of [ 3 H]thymidine (data not shown). Because systemic endopolyploidy is a common phenomenon in A. thaliana (Galbraith et al., 1991) , we studied the endoreduplication level reached in the hypocotyl. Flow-cytometric analysis of nuclei from 7-d-old hypocotyls demonstrated that endoreduplication had taken place (Fig.  6, A and B) . In light-grown seedlings up to two rounds of endoreduplication had taken place, giving rise to 2C, 4C, and 8C nuclei. Surprisingly, in etiolated hypocotyls we observed the same ploidy levels plus an additional peak corresponding to 16C nuclei. The third replication round appears to be specific for etiolated development.
Epidermal Cell Growth along the Hypocotyl in Light-Grown Seedlings
The length of individual epidermal cells within a cell file was measured over a period of 9 d for seedlings grown in As mentioned above, at later growth stages it became impractical to measure individual cell lengths and we had to resort to a less precise method, described in Figure  9 , allowing the growing zone to be identified within the hypocotyl. Figure 9 shows that between d 4 and 5 growth was insignificant in the zone containing cells 1 to 5. Whereas the area corresponding to cells 6 to 11 had doubled in size, the area containing the upper 9 cells had increased at least 5-fold. Between d 5 and 6 growth had ended all along the hypocotyl, except for a restricted region just below the apical hook. Between d 6 and 7 very limited growth was observed in the same area.
In conclusion, in contrast to the light-grown seedlings, the epidermal cells in the hypocotyl of etiolated seedlings elongated along a steep acro-peta1 gradient. After germination, growth was initiated in the basal cells. The elon- gation zone moved up the hypocotyl with time, to become restricted to a small area below the apical hook at advanced growth stages.
DISCUSSION
The Arabidopsis hypocotyl has a simple anatomy and little individual variation. Postembryonic growth of this organ is exclusively the result of a controlled series of cell-elongation events, and divisions in the external cell layers do not significantly contribute to the growth process. The anatomical simplicity of this organ and its growth behavior, together with the large number of available elongation mutants and the ease with which new mutants can be identified, make this organ a very appropriate model system for the molecular genetic study of the cellelongation machinery and the signal transduction networks for the complex array of controlling factors.
Our results demonstrate that, rather than going through mitosis, the Arabidopsis hypocotyl cells undergo several rounds of endoreduplication. Not all plant species follow the same hypocotyl growth strategy. Galli (1988) studied cell division and endoreduplication during hypocotyl growth for three species and we interpreted her results as follows: In Haplopappus gracilis neither cell division nor endoreduplication takes place during etiolated growth, in lettuce seedlings elongation is accompanied by cell division, whereas in soybean both processes occur. It remains to be seen whether these differences reflect an ecological specialization. The choice between mitosis and endoreduplication may also be under environmental control. Lopez-Juez et al. (1995) observed that cucumber hypocotyls elongate in the absence of cell division, but only when grown in dim-white light (40 /xmol m~2 s" 1 ); at higher fluence rates cell division appeared to take place. In these experiments, however, the authors deduced the number of cells from the total hypocotyl length, which they divided by the average cell length. These observations need to be confirmed by direct cell counts or by the detection of mitotic figures.
White light controls hypocotyl growth through the activation of at least three genetically defined photoreceptors (phytochrome A, phytochrome B, and cryptochrome [Quail et al., 1995] 
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Cell number hibition of the hypocotyl cells. It is generally believed that cell elongation is the net result of two opposing sets of enzymatic activities, those promoting cell wall expansion and those promoting wall rigidification (Carpita and Gibeaut, 1993; McQueen-Mason, 1995) . The simplest view would be that each plant cell somehow has a standard machinery for these processes, and that the action of light consists of slowing down wall extension and/or accelerating wall stiffening in hypocotyl cells. A more complex control of hypocotyl elongation by light was recently suggested with the identification of a new class of allelic mutants with a conditional hypocotyl elongation defect (procuste 1 or prcl; Desnos et al., 1996) . Dark-grown prcl hypocotyls show an elongation defect associated with an uncoordinated lateral expansion of epidermal, cortical, and endodermal cells. De-etiolation, however, by light or in a mutant copl background can entirely rescue this growth defect. The absence of a hypocotyl growth defect in the light for prcl is particularly striking for seedlings exhibiting a shade-avoidance response when growing in light conditions promoting hypocotyl growth (H. Hofte, unpublished data). These results suggest that prcl mutants distinguish two genetic pathways controlling hypocotyl elongation: one that is dependent on PRC1 and operates during skotomorphogenesis, and another that is PRCl-independent and activated during photomorphogenesis. Double-mutant analyses indicated that the activation of the PRClindependent hypocotyl elongation program involves phytochrome A (H. Hofte, unpublished data) and/or phytochrome B, depending on the light conditions, but in no instance requires a functional cryptochrome (Desnos et al., 1996) . The reduction of hypocotyl growth by light observed for the wild-type seedlings, therefore, appears to be the result of two processes: a developmental transition (a transition from the PRC-dependent to the PRCindependent growth program) in elongating cells, and a growth-inhibitory effect. The present study provides further evidence for an integrated developmental transition taking place in the hypocotyl under the influence of light. First, epidermal cell files in the light-grown hypocotyl develop characteristic ridges, which were not observed during skotomorphogenesis. This differentiation is under developmental control and is not an indirect effect of a light-requiring metabolic event, since it can be uncoupled from the requirement for light in a detl mutant background. A similar observation was made by Wei et al. (1994) , who, using SEM, also noted a lightdependent epidermal differentiation, including the ridged surface and the differentiation of stomates. This differentiation pattern is also reminiscent of the root epidermis, where root hair-producing cell files alternate with root hair-less files. The root hair cells or trichoblasts are invariably located above the anticlinal cortical cell walls (Dolan et al., 1994) . It is not known whether the differentiation patterns of the root and hypocotyl epidermis are developmentally linked. It will also be interesting to see which photoreceptor(s) controls this epidermal cell differentiation and whether it can be uncoupled from other photomorphogenic aspects.
Second, the number of endoreduplication rounds also appears to be developmentally regulated. During photomorphogenesis up to two endoreduplication rounds were observed, whereas a third round took place only during skotomorphogenesis. As mentioned above, endoreduplication is very common in plant cells (Galbraith et al., 1991) and appears to be correlated with cell size (Nagl, 1976; Melaragno et al., 1993) . The analysis of photomorphogenic mutants supports the idea that in the Arabidopsis hypocotyl the third endoreduplication round is associated with skotomorphogenic development and is not strictly correlated with the final size of the hypocotyl cells (E. Gendreau, H. Hofte, and J. Traas, unpublished data).
Third, the elongation of epidermal and cortical cells along a light-grown hypocotyl takes place with a timing that is distinct from that observed during skotomorphogenic development. In the light all cells elongated throughout the growing period, with a zone of maximum growth moving up from the base to the middle of the hypocotyl. In the dark cell elongation after germination was initiated only at the base, after which the growing zone moved up the hypocotyl with time. A steep growth gradient in the dark-grown hywww.plantphysiol.org on October 15, 2017 -Published by Downloaded from Copyright © 1997 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 11 4, 1997 pocotyl, with an elongation zone just below the apical hook, has frequently been observed for a number of different species (Cosgrove, 1981; Kato-Noguchi and Kasai, 1991; Sanchez-Bravo et al., 1992; Shinkle et al., 1992) . However, to our knowledge, this is the first report showing that cell elongation is actually initiated at the base of the hypocotyl. The absence of such a distinct growth gradient in lightgrown seedlings has also been observed in other species. Dim-red light abolished the growth gradient of dark-grown cucumber hypocotyls (Shinkle et al., 1992) , similar to the effect observed for bean hypocotyls by red light (GotÔ and Esashi, 1976) . It remains to be determined what controls the establishment of this steep growth gradient during skotomorphogenesis and why it is absent in light. An asymmetrical auxin distribution generated by a basipetal transport from the site of synthesis, the apex, might play a central role in this process (Sanchez-Bravo et al., 1992; Reid and Howell, 1995) . In this view, auxin might accumulate at the base of the hypocotyl, thus reaching a concentration critica1 for the initiation of cell elongation. Elongating cells would gradually lose their transport capacity (Suttle, 1991; Sanchez-Bravo et al., 1992) and, as a consequence, IAA would accumulate at the boundary between basal elongated cells and more apical cells, activating cell elongation in this region. Such a mechanism could account for the observed elongation gradient in dark-grown hypocotyls, but does not explain the different elongation profile in the light.
In conclusion, our observations illustrate the complexity of the developmental changes induced by light in hypocotyl cells. These different developmental aspects will serve as markers for the further genetic elucidation of the controlling mechanisms of light and hormones on cell elongation.
